selection. Classically, the meiotic spindle has been visualized by fluorescence microscopy, which offers reliable and detailed information on the microtubular structures and associated chromosomes.
However, its clinical use is limited by its invasive nature and its inability to be used for studying live oocytes. Approximately 15 years ago, imaging of the meiotic spindle in live oocytes was made possible by the development of an orientation-independent polarized light microscope, PolScope, which allows the uninvasive study of spindle architecture in live human oocytes, without affecting their viability. 4, 6 No detrimental effect on oocyte maturation or subsequent embryonic development was identified when PolScope was used to image mouse and human oocytes. 7, 8 Using this technique, some meiotic spindle parameters were examined in relation to oocyte developmental potential after intracytoplasmic sperm injection (ICSI) [9] [10] [11] [12] and the use of spindle imaging as a marker for the optimal timing of ICSI was investigated. 13 These studies indicated that visualization of the meiotic spindle might be useful in the evaluation of oocyte quality. However, there has been no report about the meiotic spindle size in human oocytes. The authors' previous study indicated that the meiotic spindle characteristics are significantly associated with early-or late-cleaving embryos. 14 Thus, quantitative measurement of meiotic spindle parameters might be valuable in identifying human oocyte and embryo developmental potential in ART laboratories. Against this background, in this study, it was aimed to investigate the association between the meiotic spindle size in human oocytes and embryonic developmental competence after ICSI.
| MATERIAL S AND ME THODS

| Patients
Analyzed were 1302 oocytes with a visible meiotic spindle from 281 patients under the age of 40 years who were undergoing ICSI cycles. Their mean age was 36.5 ± 2.6 years (± standard deviation; range: 27-39). The etiologies of infertility in the cycles included male factor, tubal, uterine, diminished ovarian reserve, unexplained, or combined. The distribution of these etiologies was similar among the groups that were established, as described below. The study protocol and the need to perform ICSI and PolScope imaging analysis were explained to the couples and they were recruited into the study after their approval. This study was approved by the Ethics Committee of IVF Nagata Clinic, Fukuoka, Japan.
| Stimulation and oocyte retrieval
Ovarian stimulation was achieved by a short protocol using a gonadotropin-releasing hormone agonist. Follicular growth was stimulated by injecting human menopausal gonadotropin (Gonapure; ASKA Pharmaceutical, Tokyo, Japan). In a few cycles, the minimal stimulation protocol was used. 
| Visualization of the spindle using PolScope and intracytoplasmic sperm injection
In this study, visualization of the spindle using PolScope and ICSI were performed as in the authors' previous study. 14 TA B L E 1 Spindle characteristics of the metaphase II (MII) oocytes that were observed using PolScope (CRi, Woburn, MA, USA), combined with a computerized image analysis system (Oosight imaging system; CRi). The microscope was set up and the background was calibrated in accordance with the manufacturer's protocol. The spindle images were acquired at 400× magnification and the location, area (size), and length of the meiotic spindle (in μm) and the mean light retardancy (in nm) by the birefringent spindles were recorded in the image processing system for later analysis. To optimize visualization of the spindle and the polar body, the oocytes were rotated by using a holding and injection pipette.
Additionally, a maximum area of meiotic spindle with a spindle shape was imaged. After imaging, ICSI was performed with the spindle at the 6 or 12 o'clock position. After ICSI, the oocytes were washed and cultured separately in droplets of Global medium (Life Global) that was supplemented with 20% substitute serum (NPS; Nakamedical, Tokyo, Japan) in order to examine fertilization.
| Classification of the meiotic spindle size
The meiotic spindle characteristics were imaged using PolScope before ICSI. After imaging, the spindle size was measured with the Oosight imaging system. Then, the oocytes were classified into three groups, according to the size of their meiotic spindle: A (<90 μm 2 ), B
(90-120 μm 2 ), and C (>120 μm 2 ).
| In vitro culture of the human embryos
After ICSI, all the oocytes were cultured separately in Embryo GPS dishes (Sun IVF, Guilford, CT, USA) with Global medium (Life Global)
at 37°C in an atmosphere of 5% O 2 , 5% CO 2 , and 90% N 2 . The oocytes were monitored by using a time-lapse incubator (CCM-IVF and iBIS; Astec, Fukuoka, Japan) to determine pronuclear formation and cleavage divisions. During culture in the time-lapse incubator, digital images of the cultured embryos were taken at 20 min intervals.
Image stacks were analyzed by using CCM-IVF software (ASBRO; Astec) and CCM-iBIS software (Photo Tunes; Astec). The oocytes with two pronuclei and a second polar body were considered to be normally fertilized. The zygotes were cultured in 30 μL droplets of Global medium (Life Global) for 2 days post-ICSI. Some zygotes were cultured in Global medium separately for 5-6 days and were evaluated for their rate of development to the blastocyst stage.
| Definition of good-quality embryos
The embryos that had reached the two-cell stage by 27 hours post ICSI and had good morphological scores (≥4 cells with <50% fragmentation) on day 2 were defined as good-quality embryos on day 2.
The blastocysts that had obtained a score of 3BB or more by using
Gardner's scale 3 were defined as good-quality blastocysts.
| Single-embryo transfers
In this study, the clinical pregnancy rates of the three groups were compared by using fresh and vitrified-warmed cycles. In the fresh F I G U R E 1 Meiotic spindle of human oocytes, as imaged by PolScope. The oocytes were classified into three groups, according to their spindle size: (A) <90 μm 2 , (B) 90-120 μm 2 , and (C) >120 μm 2 .
The spindle image is shown at higher magnification in the insets (a-c). pb, the first polar body. Scale bar = 50 μm
cycles, the embryo transfer was performed by using cleavage-stage embryos. In the vitrified-warmed cycles, the embryo transfer was performed by using blastocyst-stage embryos. The vitrified-warmed embryo transfer was performed by using the hormone replacement therapy cycle. In this study, the clinical pregnancy rates in the three groups were summarized when only one embryo was transferred.
"Clinical pregnancy" was defined as the presence of an intrauterine gestational sac that was seen at an ultrasonographic examination 3-4 weeks after the embryo transfer.
| Statistical analysis
The statistical analysis was performed by using GraphPad Prism 5.0 software (GraphPad, Inc., San Diego, CA, USA). For comparisons among groups, the Student's t test was used for the continuous variables and the chi-square test was used for the binary variables. The differences were considered to be significant when P < .05.
| RE SULTS
| Meiotic spindle characteristics of the oocytes with spindle imaging using PolScope
Among the 1302 oocytes with a visible spindle, 389 (29.9%) were classified as having a spindle size of <90 μm 2 (group A), 662 (50.8%)
as 90-120 μm 2 (B), and 251 (19.3%) as >120 μm 2 (C). Table 1 presents the spindle characteristics of the oocytes in these three groups and Table 3 presents the patients' characteristics among the three groups who had a fresh early embryo transfer and Figure 2 shows the associated clinical pregnancy rates. There was no significant difference in the patient characteristics among the three groups.
| Fertilization and blastocyst formation rates of the oocytes with different spindle sizes
| Clinical pregnancy rates after a singleembryo transfer
However, the proportion of clinical pregnancies in group B was higher than in groups A and C (29.5% vs 9.4% and 12.0%, respectively). Table 4 presents the patients' characteristics among the three groups who had a vitrified-warmed blastocyst transfer and Figure 3 shows the associated clinical pregnancy rates. There was no significant difference in patient characteristics among the three 
| D ISCUSS I ON
The present study confirmed that spindle birefringence in living human oocytes can be imaged using PolScope and provide quantitative morphological information. In this study, the size of the meiotic spindle was quantified by using PolScope and was classified into three groups, according to the cross-sectional area of the meiotic spindle. A meiotic spindle size of 90-120 μm 2 predicted not only a higher fertilization rate, but also a higher blastocyst formation rate. This confirmed that there is a close relationship between the size of the meiotic spindle in human metaphase II (MII) oocytes and embryo developmental potential after ICSI. Several studies also reported that some spindle characteristics of MII oocytes, observed using PolScope, are associated with a higher fertilization rate and embryo development. [15] [16] [17] One meta-analysis also led to the conclusion that the presence of a birefringent meiotic spindle in human oocytes predicts a better fertilization rate and embryo development. 18 No difference was found for pregnancy or implantation rates. In contrast, this study showed that the oocytes with a meiotic spindle size of 90-120 μm 2 have high implantation capacity and that the meiotic spindle size of the MII oocytes was revealed to be a novel marker for evaluating oocyte quality. In contrast, it previously was reported that the mean meiotic spindle area did not differ significantly between transfer oocytes from conception and non-conception cycles. 19 This study indicated that oocytes with spindles outside the optimal size range (<90 μm 2 or >120 μm 2 ) produced embryos that were associated with a lower clinical pregnancy rate. From the above, it was thought that the spindle size in the non-conception cycle was polarized into small and large spindles. Therefore, it is thought that the mean area of the meiotic spindle in non-conception cycles becomes similar to that in conception cycles.
Another experiment showed that light retardancy measurements have limited value for predicting the degree of spindle fiber order F I G U R E 3 Pregnancy rates from the human blastocysts that were derived from the three groups of metaphase II oocytes. The actual percentages are shown within the bars and chromosomal position 20 ; moreover, the results of a morphometric evaluation of the spindle through PolScope were not consistent with the findings of a confocal analysis. Therefore, it was concluded in the literature that PolScope only provides a qualitative observation, rather than a quantitative one. However, it might not have been possible to visualize the meiotic spindles well using PolScope in that study. 20 The meiotic spindles of most mammals, including humans, are very sensitive to environmental changes, especially to fluctuations in temperature, 21, 22 which is thus an important parameter that affects the integrity of the spindle during the handling and culturing of oocytes in vitro. A change in the ambient temperature can induce temporary depolymerization of the microtubules. 23 In the present study, a heating system was used during oocyte examination and ICSI in order to maintain the temperature of the medium at 37°C.
Therefore, temperature fluctuations were unlikely to have had a significant impact on the size of the meiotic spindle. However, the spindle light retardancy in the oocytes in this study was greater than in a previous study 20 (range: 2.0-2.4 nm vs 0.83-1.46 nm, respectively).
This suggested that, in the current study, the meiotic spindle of the MII oocytes was efficiently visualized using PolScope. In addition, a prospective observational study reported that the assessment of normality of the meiotic spindle has a strong value in predicting the likelihood of pregnancy for a particular oocyte. 24, 25 It has been reported that there is a positive correlation between the spindle light retardancy and embryonic developmental potential. 12 The pregnancy rate also was found to be strongly correlated with the light retardancy of the meiotic spindle in human oocytes. 17 Here, it also was found that the light retardancy of the meiotic spindle in the oocytes with a meiotic spindle size of 90-120 μm 2 was significantly greater than in the oocytes of the other sizes. This confirmed the existence of an association between the meiotic spindle size and the light retardancy of human oocytes. Thus, the meiotic spindle size has a strong influence on the embryonic developmental potential after ICSI.
This study showed that the blastocyst formation rate was similar between oocytes with meiotic spindle sizes of 90-120 μm 2 and >120 μm 2 . However, the proportion of clinical pregnancies in relation to the oocytes with a meiotic spindle size of 90-120 μm 2 was higher than for the oocytes with a meiotic spindle size of >120 μm 2 .
It is known that the implantation rate of aneuploidy embryos is low. Therefore, the rate at which euploid embryos develop from oocytes with a spindle size of 90-120 μm 2 might be higher than those for oocytes of other sizes. In actuality, it has been reported that oocytes with normal spindle morphology are significantly more likely to produce euploid embryos than oocytes with meiotic spindles that are translucent or not visible. 26 In the future, the authors would like to experimentally confirm the association between the meiotic spindle size and embryo ploidy.
There are two possibilities as to why the outcome of oocytes with large or small meiotic spindles became poor. First, the polymerization and depolymerization dynamics of the microtubules have been reported to contribute to the control of the size and shape of the spindles. 27, 28 Thus, the size of the meiotic spindle is controlled by cytoplasmic factors that regulate the microtubular dynamics and it could be that factors associated with cytoplasmic maturation, such as mitochondria, are not normal in the oocytes with large or small spindles. In mouse experiments, the authors have shown that the adenosine triphosphate (ATP) level of oocytes with large or small spindles was significantly lower than that of the oocytes with a middle-range spindle size (unpublished data).
The ATP is generated by the mitochondria. The oocytes with large or small spindles were considered to be of poor quality related to their mitochondrial function or numerical aberration. Second, in this study, meiotic spindle observation and ICSI were performed at almost the same time after hCG administration in all cases, but the meiotic spindle size could change with the duration of the in vitro culture. Actually, in the mouse experiment, it was clarified that the meiotic spindle size increased as the time elapsed after hCG administration (unpublished data). Thus, oocytes with large or small meiotic spindles could be improved by optimizing the timing of the oocyte pick-up or performance of ICSI. The authors will consider this point in the future and will investigate whether the meiotic spindle size will change, depending on the oocyte maturation period.
In conclusion, MII oocytes with a spindle size of 90-120 μm 2 produced embryos with a higher rate of blastocyst formation and higher subsequent pregnancy rate than did the oocytes with spindles outside of that size range. These results suggest that the quantitative measurement of the meiotic spindle size would have a positive predictive value for identifying human embryo developmental potential in infertility clinics.
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